Abstract: To carry out performance evaluation of an asynchronous system, the system is modeled as Time Petri Net (TPN) and an iteration of Petri net simulations produces its performance index. The TPN model needs to satisfy required properties such as deadlock freeness. We proposed a symbolic representation of TPN for SAT-based bounded model checking. In the proposed encoding scheme, firing of transitions and elapsing of place delays are expressed as boolean formulas discretely. Our representation can work with relaxed ∃-step semantics which enables to perform each step by two or more transitions. We applied the encoding to example TPN models and checked the deadlock freeness using SAT solver. The results of experiments demonstrated the effectiveness of the proposed representation.
Introduction
Time Petri Nets (TPN) [1] is a major system modeling method in performance evaluation of a large-scale asynchronous system. The evaluation assigns stochastic distributions to time restrictions on TPN, iterates a Petri net simulation on the model, and then produces its performance index [2] . It is necessary that the TPN model satisfies required properties such as deadlock freeness or absence of undesirable behaviors to carry out an iteration of petri net simulations for performance evaluation. The existence of deadlock or the reachability to undesirable states indicates incorrect modeling or an error in the original asynchronous system. While model checking can verify those properties on TPN in theory, the increase of TPN size brings state explosion and makes hard the verification in practice.
This paper proposed a symbolic representation of TPN for SAT-based model checking [3] . SAT-based symbolic model checking can substantially reduce the verification cost on Petri Nets (PN) [4] . The proposed symbolic representation encodes firing of transitions and elapsing place delays to boolean formulas discretely in a similar manner of encoding of timed systems in [5] . This representation can work with relaxed 9-step semantics [4, 6] , which enables to perform each step by two or more transitions. An experiment demonstrated the effectiveness of the proposed representation.
The main contributions of this paper are: 1. symbolic representation of TPN for bounded model checking, and 2. empirical demonstration of the effectiveness of the representation on verifying large-scale asynchronous circuits.
Time Petri Nets
PN is defined as 5-tuple PN ¼ ðP; T; F; F in ; M 0 Þ, where P is a set of places, T is a set of transitions, F ðP Â TÞ [ ðT Â PÞ is a set of arcs, F in & F is a set of inhibitor arcs and M 0 P is the initial marking. A directed arrow connects a place and a transition. A place can have tokens, and a transition fires when all of its input places have a token, and the tokens move to its output places through the transition. We focus on a safe PN where each place has at most one token, and arc weight is not considered. The initial marking represents the places that have a token at the initial state. An inhibitor arc, which is described as a circle-headed arc, represents a condition of inhibiting a transition firing. The transitions which have input places which connected with an inhibitor arc can fire only if those places do not have tokens. Input and output places of a transition t 2 T are described as t and t, and those of a place p 2 P are described as p and p, respectively. The places with an inhibitor arc to transition t are represented as t.
We introduce P-Time Petri Nets [7] which is a subclass of TPN and extends PN so that it can represent place delay. P-TPN is defined as 6-tuple P-TPN ¼ ðP; T; F; F in ; M 0 ; XÞ and X : P ! ðZ þ Þ Â ðZ þ [ þ infÞ is a function mapping the place delays to places (Z þ denotes a set of integers which are greater than or equal to zero). The place delay represents the time required to enable a token of the place and is described as a form of ðl i ; u i Þ, where l i and u i denote lower and upper bound of place delays on a place p i 2 P, respectively, and satisfy l i < u i . A token in place p i can be enabled after l i elapsed and must be enabled until u i elapsed. A transition fires when all of its input places have an enabled token. We consider a firing of each transition and time elapsing is carried out discretely, that is, the state of TPN changes by either time elapsing or firing of one transition. Since a state transition of TPN is generally performed by firing of multiple transitions, this assumption may introduce unexpected states in original behaviors of TPN. However, it never eliminates reachable states in original behaviors and there is no problem to carry out reachability analysis of TPN using bounded model checking. Fig. 1 shows an example of a TPN. The initial marking of the TPN is fp 1 g. Since the place delay ½0; 0 is assigned to p 1 , its token is enabled immediately and then t 1 fires. By firing of t 1 , p 2 and p 3 get tokens. When the token of p 2 is enabled earlier than p 3 , p 4 gets a token, and it is enabled immediately. Since t 3 is inhibited by p 4 , t 3 can not be fired even if the token of p 3 is enabled. p 5 can not get a token until the token of p 4 is removed by firing of t 4 . While t 4 requires that p 5 gets an enabled token. Thus this TPN falls into a deadlock. Thus N k^R ðs kðnþ1Þ Þ holds. On the other hand, if N k^R ðs kðnþ1Þ Þ holds, the given property is satisfied in k-steps. Therefore, we obtain R k ¼ def Rðs kðnþ1Þ Þ.
In this paper, we check deadlock freeness of TPN. When all tokens of places are enabled and no transition can fire, deadlock occurs. Thus a characteristic function R d ðsÞ which denotes deadlock states can be defined as follows, 
Experiments
In this section, we show the effectiveness of our encoding through the comparative experiments. We conducted experiments on the computer with Fedora 15 OS (64 bit), Intel Core i3 3.1 GHz CPU and 16 GB Memory. We use yices [8] as SAT solver. Table I shows the size of TPNs which model data transfer process of asynchronous systems. It is already known that only model m1 has a deadlock.
We first compared the time to detect the deadlock by our method and that by UPPAAL [9] . Input of UPPAAL is generated by the translation in [10] . As a result of experiments, the time for verification of model m1 by UPPAAL is 15,824 (sec.) and that by our method is 22 (sec.).
We also show the relation between the effect of variable replacing and the size of TPN. We apply the proposed encoding to the TPNs m2, m3 and m4 and check the deadlock freeness by yices. The number of steps is increased from 1 to 16 within the range that the verification time is less than 10,000 (sec.). The results are shown in Fig. 2 . As shown in the figure, the verification time are greatly reduced by variable replacing. In addition, the effect of variable replacing increases as the size of TPN gets large. Although the size of m4 is almost three times of that of m3, the time required for verification of m4 is nearly equal to that of m3. This seems to be because variables which change by firing of each transition does not increase even if the number of places dramatically increases.
Conclusion
We proposed a symbolic representation of TPN for bounded model checking. In the proposed encoding scheme, firing of transitions and elapsing delays are represented as boolean formulas discretely. Our encoding can check two more firing of transitions by the formula for 1-step. We showed the experimental result of deadlock detection for example TPN. The effectiveness of our encoding on verification for large scale asynchronous system is also shown.
